ABSTRACT A very compact and small sized 2-element planar Ultra Wide band (UWB) antenna having high isolation with band rejection characteristics designed on a FR4 substrate (23 × 26 × 0.8 mm 3 ) is presented in this paper. Each antenna element have a rectangular stepped-slot and a z-shaped slot, both etched in ground plane. The rectangular slot, proximity fed by a 50 micro-strip transmission line, acts as a main radiator while z-shaped slot acts as a filter for rejecting the full WLAN band (5.15-5.85 GHz). Use of an inverted T-shaped slot near top end of ground plane improves isolation more than 24.5 dB in lower UWB band i.e. 3-5 GHz, while the rectangular vertical slot etched at center of the ground plane near the bottom edge reduces the mutual coupling at lower as well as at higher UWB band i.e. 5 -10.6 GHz. Both measured and simulated results are presented which are found generally in good agreement.
I. INTRODUCTION
Ultra-wide band (UWB) system has got much consideration due to the increasing requirement of high data rates and channel capacities without deploying extra bandwidth and transmission power [1] . In this perspective, the UWB Multiple-Input Multiple-Output (MIMO) system has got great consideration for short-distance, high-data rate broadband communication systems [2] . The single-input single-output (SISO) UWB systems undergo severe multipath fading in dense and scattering environment due to their low-power spectral density i.e. − 41.3 dBm / MHz. A signal with such a low power needs some kind of diversity to reliably cover the desired distance. In this regard, the two main diversity techniques i.e., Spatial diversity and polarization diversity have been extensively investigated in the recent years [3] - [6] . The UWB-MIMO antenna system with polarization diversity has its own advantage, of compactness in the overall design, but on the other side, this scheme is less efficient and less reliable for the scattering environment. However, on the other side, the UWB-MIMO The associate editor coordinating the review of this article and approving it for publication was Mingchun Tang.
antenna systems with spatial diversity need much more space as compared to those with polarization diversity but reliable information can be gathered.
Another aspect of UWB technology is its suffering from interference with existing wireless communication standards in which WLAN is the most dominant one. Hence, in the recent years, the researchers have focused on introducing the band-notched characteristics in UWB-MIMO antenna designs [7] - [9] . The use of slots, stubs or strips to achieve band-notched characteristics may produce a destructive effect on the isolation level. Therefore, designing a compact UWB MIMO antenna system having an enhanced isolation among the ports with the WLAN band rejection capability is a challenging task. To filter out the WLAN band, different techniques are reported in literature, including the insertion of slots / stubs in ground plane, in radiating patch or in the micro-strip transmission line [10] - [12] . Many isolation techniques are introduced in literature for increasing isolation between ports of two antenna elements. In [13] , wideband isolation is obtained by using a tree like structure in ground plane whereas a radial stub loaded resonator is availed in [14] to reduce mutual coupling between two identical antennas. The researchers in [15] enhanced isolation between antenna array elements by inserting an electromagnetic band-gap structure among them. Metamaterials are also being employed as isolation enhancement technique which include suspension of meta-surface square split ring resonators being positioned over antenna array for reducing mutual coupling [16] and the use of a 3D metamaterial structure for the same purpose between two element antenna array [17] etc. An antenna interference cancellation chip is proposed in [18] for mitigating mutual coupling between two antennas. Defected Ground Structures (DGS), for the isolation enhancement, have gained more attention in the recent research trends because of their ease of fabrication and compatibility with different types of antennas [19] - [22] . In [10] , [11] , the stubs with ground plane act as a band-stop filter for WLAN band, however the achieved efficiency at the notched-band is almost 30% which is not sufficient to make the antenna non-responsive for the desired filtered band. Reference [12] used an L-shaped slot in radiating patch for rejecting complete WLAN band. However, employing any filtering technique in the radiating element can affect the radiation patterns and time domain behavior of the antenna. Also, the efficiency at the notched-band is around 38%, which is high enough to consider it a notched band. A comparison between our proposed design and other antenna designs exist in literature for UWB MIMO applications having the band notched capability are presented in Table 1 . The compared parameters include overall size, UWB band covered, notched bands, minimum isolation between antenna ports, efficiencies in the notched and working bands and gain range in dB in working bands. This analysis indicates that the antenna designs reported in [12] , [25] - [28] , [30] have large size (larger than 1000 mm 2 ), some antenna designs [12] , [24] - [26] , [10] , [29] , [30] have comparatively lower minimum isolation between antenna ports i.e. around -15 dB and some antenna designs [11] , [12] , [23] , [24] , [30] suffers from having higher efficiencies in the notched bands i.e. higher than 20%. Whereas, our proposed antenna has the smallest size as compared to those existing antenna designs reported earlier, i.e. 23 × 26 mm 2 (0.39λ × 0.44λ) = 598 mm 2 , where λ is wavelength of the lowest frequency, having very low efficiency in the notched band with a higher minimum isolation of −24.5 dB between ports of two antenna elements.
In this paper, we have put our main focus on the isolation enhancement between the two ports, especially in lower band of the UWB, keeping overall antenna size as small as possible. For isolation enhancement, slot like structures such as defects in ground plane are introduced. An inverted T-shaped slot maintains an isolation level better than 24.5 dB at lower UWB band and a vertical slot helps in reducing mutual coupling at both lower and higher UWB frequency band. For obtaining band-notched characteristics, a stepped z-shaped slot is etched below main radiating slots in the ground plane. This filtering technique helps in better suppression of undesired radiations at WLAN band with the minimum efficiency of just 7%.
II. ANTENNA DESIGN CONFIGURATION
The designed antenna structure printed on a double-sided FR4 substrate having thickness t = 0.8 mm, and relative permittivity ε r = 4.4. The dimensions of ground plane are L × W. A step by step design methodology is used for designing this proposed antenna. The overall antenna design includes four design steps which mainly involves modifications in ground plane. The process starts with the Step 1 having basic radiating element in the ground plane with two identical stepped-slots etched out at the center from each end of ground plane. The structure of antenna design Step 1 and simulated S 11 and S 21 results in dB versus frequency in GHz are shown in Fig. 1 . It is evident that the insertion of two slots produce resonance in the 4.4-5.2 GHz range.
Step 2 involves further modifications of the two slots inserted in Step 1 by adding further steps for getting better impedance matching in the broad range of frequency. Fig. 2 compares the structures of Step 1 and Step 2 and the results of S 11 and S 21 in dB for both steps. It is seen that
Step 2 increases impedance bandwidth of antenna structure by producing two resonances i.e. first around 4 GHz and second in the 5.8-10 GHz frequency range. However, the mutual coupling is high especially in low frequency bands.
In
Step 3, two z-shaped slots are cut in lower parts of ground plane for filtering out the complete WLAN as evident from Fig. 3 . However, the mutual coupling is still high in the lower UWB band which requires an isolation technique to be introduced in the antenna structure for obtaining the enhanced isolation. Therefore, in Step 4, a novel isolation technique is proposed for reducing mutual coupling in whole UWB frequency band. An inverted T-shaped slot is inserted at center from upper edge of ground plane and another rectangular-shaped vertical slot is placed in the center from bottom end of ground plane. Fig. 4 shows structures of Step 3 and Step 4 and the results of S 11 and S 21 are compared of the two structures. It is clear that the isolation is largely enhanced in the whole UWB band due the isolation techniques introduced. The insertion of vertical slot helps in enhancing the isolation level up to 24.5 dB in lower UWB band (3-5 GHz), whereas the insertion of Inverted-T shaped slot help in reducing mutual coupling in the upper UWB band (5-10.6 GHz).
The final structure of the proposed antenna with planar structure is depicted in Fig. 5 . The optimized values of different parameters are listed in Table 1 . As shown in Fig. 5 , the front-side of antenna structure has two open-ended microstrip lines designed with optimized width and length to get its input impedance equal to 50 . Each antenna element is excited by proximity feed mechanism where ground plane acts as main radiating structure consisting of the two identical rectangular-shaped stepped slots in the middle of ground plane. Each slot has two sharp steps. Broader slot with L3 = 5 mm is for increasing radiation efficiency and narrower slot with g3 = 3 mm is for better impedance matching with the feed line. While small steps within the two sharp steps are for improvement in impedance matching at higher frequencies. The antenna design simulations are performed using CST Microwave Studio to get the optimized dimensions for the desired results.
The slot antennas can be used in any shape i.e. circular, elliptical, annular or rectangular. The shape of the slot doesn't make a big difference rather its size mainly affects the impedance bandwidth of antenna. By increasing the size of the slot, the lower cut-off frequency decreases thus increasing the overall bandwidth covered. The reason is that, larger the slot size, the larger is current path resulting in resonance at the lower frequency and vice versa. However, increase in slot size has a limitation due to the coupling issue in small available size. Furthermore, a stepped z-shaped slot is cut beneath the main radiating slot in ground plane. It behaves as a band stop filter for WLAN frequency band.
III. PARAMETRIC ANALYSIS
The parametric analysis can give a deep insight of antenna design by changing different parameters of antenna structure and observing their effects on the overall characteristics of antenna. Parametric analysis performed includes variations in the values of inverted T-shaped slot, rectangularshaped vertical slot and stepped z-shaped slot which is as follows:
A. EFFECT OF INVERTED T-SHAPED SLOT
Inverted T-shaped slot inserted in ground plane of antenna structure is for isolation enhancement at lower UWB frequency band i.e. 4-6 GHz. This band of UWB is the most crucial one for impedance matching as well as isolation between the ports for those scenarios where we encounter space limitation. It is observed by performing parametric analysis of all the dimensions of Inverted-T shaped slot that the vertical dimension of the Inverted-T slot has a great impact on the isolation level as compared to its other dimensions. Fig. 6 shows effects of varying vertical dimension of Inverted-T slot i.e. g1 from 0.6 to 2.6 mm on the isolation level. Due to symmetry of antenna structure, S 11 and S 21 are same as S 22 and S 12 respectively. So, just the graphs of S 11 and S 21 are shown for parametric analysis of different dimensions.
It is obvious that increasing g1 will make the Inverted-T shaped slot closer to main radiating slots which enhances mutual coupling between two antennas at lower frequencies. Optimized values of this slot i.e. g1, w4, and L4 has brought isolation level below −24.5 dB in lower UWB frequency band.
B. EFFECT OF Z-SHAPED SLOT
Stepped z-shaped slot is etched right below the main radiating stepped slots in ground plane. Band stop filtering technique is incorporated in the ground plane of antenna to reject complete WLAN frequency band. Its resonant length is calculated by VOLUME 7, 2019 the following formula:
where, L slot = s1 + s2 + s3 = 2.5 mm + 2.05 mm + 5 mm = 9.55 mm, close to λ/4 where λ is the wavelength. In above mentioned equation, f c is center frequency of the notchedband, c is speed of light and ε eff is effective permittivity of substrate. Its overall length has greater impact on center frequency of rejected band. As length increases from its resonant length, the center frequency is shifted to the lower values and vice versa. It has major effect on impedance matching only at rejected band of frequencies that is shown in Fig. 7 , but isolation level remains unchanged by changing its length. Furthermore, position of this slot determines the sharpness of this notch.
C. EFFECT OF RECTANGULAR-SHAPED VERTICAL SLOT
Rectangular-shaped vertical slot between the two antenna elements is for isolation improvement at low as well as higher frequency bands. It is observed during the parametric analysis related to dimensions of vertical slot that as compared the width, its length has more effect on the isolation level whereas these dimensions have minor impact on impedance matching of the whole band. The change in isolation level (S 21 ) with change in vertical slot length is shown in Fig. 8 . It is evident that slot length significantly affects the isolation especially at lower frequency band and its value also play a significant role in getting enhanced isolation at higher UWB frequency band.
IV. RESULTS AND DISCUSSION
A. SCATTERING PARAMETERS Fig. 9 shows fabricated prototype of proposed design. A Vector network analyzer (Agilent E8362B) is used for measuring the scattering parameters of proposed design. The measured and simulated S 11 and S 22 in dB are shown in Fig. 10 , whereas the measured and simulated results of S 12 and S 21 in dB are depicted in Fig. 11 . In these Figures, small variation is observed between simulated and measured results which are attributed to manufacturing tolerance, the feeding cables used, and use of SMA connectors. It is clear from the graph that radiating slots have covered the complete ultra-wide band from 3.1 GHz to around 10.6 GHz, with band stop filtering effects at WLAN band i.e. 5-6 GHz. Reflection coefficient for S 11 < −10 dB and isolation better than 24.5dB at lower UWB frequency bands make it suitable candidate for devices using complete FCC UWB frequency band.
B. SURFACE CURRENT DISTRIBUTION
Surface current distribution is an important parameter to observe the effectiveness of isolation technique for reducing mutual coupling between antenna elements. Furthermore, it can also inform about the proper placement of the z-shaped slot for band rejection. If more current is concentrated along the slot at the rejected band, it means the slot is placed at the right spot to avoid the current distribution along the radiating slot in the required rejected band. Fig. 11 (a) & (b) show the current distributions with and without the z-shaped slot at 5.4 GHz frequency when Port 1 is excited and Port 2 is terminated with 50 impedance. This gives us the clear indication of importance of this z-shaped slot. Fig. 11 (c) & (d) show the current distributions at 4 GHz and 9 GHz with the presence of all slots. It is evident that high density current is concentrated on first antenna only with just Port 1 being excited and Port 2 being terminated with 50 impedance and no current is developed on second antenna due to the excitation of first antenna. This proves the effectiveness of the isolation techniques used for obtaining high isolation especially at lower frequencies between the two antenna elements.
C. RADIATION PERFORMANCE
The E-and H-planes of proposed antenna are shown in Fig. 12 whereas the radiation patterns of this MIMO antenna along with E-and H-planes are depicted in Fig. 13 . Radiation patterns are measured using NSI far-field anechoic chamber at 4 GHz and 7 GHz with just Port 1 being excited and Port 2 being terminated with the 50 impedance. Radiation patterns measured with Port 2 excited and Port 1 terminated are mirror images of first ones because of the symmetry of the antenna structure. It is clear that the radiation patterns of proposed antenna design at different frequencies have almost stable radiation pattern at different frequencies except the notched frequency band.
Fig. 14 depicts the comparison of simulated and measured antenna efficiency over the entire UWB frequency band. The graph shows that antenna has achieved antenna efficiency in the range of 80-92% in the whole UWB frequency band except at notched frequency where its efficiency falls downs sharply with the minimum efficiency obtained is just 7%. The MIMO antenna becomes non-responsive at this rejected band due to this deep-drop in efficiency and negligible radiation occurs in this notched band.
D. MIMO PERFORMANCE
Envelope correlation coefficient (ECC) is an important performance parameters for MIMO antenna designs. This is the best way for studying diversity performance of MIMO antenna. In this paper, ECC is calculated by using 3-D radiation patterns of the antenna [31] (2), as shown at the bottom of the next page, where P θ, ( ) is wave distribution VOLUME 7, 2019 FIGURE 13. Simulated radiation patterns, column (a) at 4 GHz, column (b) at 7 GHz. Simulated Co-Pol (blue), Simulated Cross-Pol (red), Measured Co-Pol (green), Measured Cross Polarization (pink).
of specific (θ , ) angular directions, and G θ, ( ) is gain (i.e., G θ ( ) = E θ ( ) E θ ( ) * ), and E θ 1 ( ), E θ2 ( ) being the θ -polarized complex radiation patterns of antenna 1 and the antenna 2 of the system, and E ϕ1 ( ), E ϕ2 ( ) being the ϕ-polarized complex radiation patterns of antenna 1 and the antenna 2 of the system; XPR is ratio of time averaged vertical power to time average horizontal power in fading environment whereas the average received power Pi from each branch can be obtained from the radiation patterns by using the mean effective gain (MEG). So, ECC basically tells about correlation between the radiation patterns of both antennas at different frequencies. Its level must be less than 0.3 for better MIMO performance. Fig. 15 shows the envelope correlation coefficient versus frequency in GHz of the proposed antenna that indicated the value of ECC below 0.01 in the whole UWB band except the notched band which proves a very low correlation between the two antenna elements. 
